Power system stability - computaton of critical clearing time and stability margin index. by Robinson, James K.
Lehigh University
Lehigh Preserve
Theses and Dissertations
1-1-1976
Power system stability - computaton of critical
clearing time and stability margin index.
James K. Robinson
Follow this and additional works at: http://preserve.lehigh.edu/etd
Part of the Electrical and Computer Engineering Commons
This Thesis is brought to you for free and open access by Lehigh Preserve. It has been accepted for inclusion in Theses and Dissertations by an
authorized administrator of Lehigh Preserve. For more information, please contact preserve@lehigh.edu.
Recommended Citation
Robinson, James K., "Power system stability - computaton of critical clearing time and stability margin index." (1976). Theses and
Dissertations. Paper 1908.
POWER SYSTEM STABILITY - COMPUTATON OF 
CRITICAL CLEARING TIME AND STABILITY MARGIN INDEX 
BY 
JAMES K. ROBINSON 
A THESIS 
PRESENTED TO THE GRADUATE COMMITTEE 
OF LEHIGH UNIVERSITY 
IN CANDIDACY FOR THE DEGREE OF 
MASTER OF SCIENCE 
IN 
ELECTRICAL ENGINEERING 
LEHIGH UNIVERSITY 
1976 
ProQuest Number: EP76180 
All rights reserved 
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted. 
In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed, 
a note will indicate the deletion. 
uest 
ProQuest EP76180 
Published by ProQuest LLC (2015). Copyright of the Dissertation is held by the Author. 
All rights reserved. 
This work is protected against unauthorized copying under Title 17, United States Code 
Microform Edition © ProQuest LLC. 
ProQuest LLC. 
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106-1346 
CERTIFICATE OF APPROVAL 
This thesis is accepted and approved in partial fulfillment of 
the requirements for the degree of Master of Science. 
'   (date) Professor In Charge 
Chairman of Department 
-ii- 
ACKNOWLEDGEMENTS 
The author wishes to thank Professor John K. Redmon for his valu- 
able guidance and editorial comments during the preparation of this 
thesis.  In addition, the excellent educational program supported by 
Pennsylvania Power and Light Company, in cooperation with Lehigh Uni- 
versity, is greatfully acknowledged.  Also, the author wishes to thank 
stenographer Valerie J. Silvoy for her patience and hard work during 
the composition of this thesis. 
-xix- 
TABLE OF CONTENTS 
PAGE 
Title Page  i 
Certificate of Approval  ii 
Acknowledgements  iii 
Table of Contents  iv 
List of Tables  v 
List of Figures  vi 
ABSTRACT  1 
CHAPTER 
ONE - INTRODUCTION  3 
TWO - CALCULATION OF CRITICAL CLEARING TIME - STATE OF THE ART 
REVIEW  5 
THREE - CALCULATION OF CRITICAL CLEARING TIME AND STABILITY 
MARGIN INDEX  17 
FOUR - APPLICATION OF THE CRITICAL CLEARING TIME AND STABILITY 
MARGIN ALGORITHM TO A TYPICAL LARGE SCALE POWER SYSTEM .. 34 
FIVE - ALGORITHM SUMMARY AND SAMPLE CALCULATIONS  43 
SIX - CONCLUSIONS  49 
BIBLIOGRAPHY   51 
APPENDIX 1  52 
APPENDIX 2  55 
VITA  59 
-iv- 
LIST OF TABLES 
TABLE PAGE 
1 "POINT-BY-POINT" RESULTS FOR EXAMPLE #2  44 
2 CALCULATION OF CRITICAL CLEARING ANGLE  47 
CALCULATION OF CRITICAL CLEARING TIME 48 
-v- 
LIST OF FIGURES 
FIGURE PAGE 
ONE MACHINE VERSUS INFINITE BUS 
EQUAL AREA ANALYSIS  10 
TYPICAL POWER VERSUS ANGLE CURVES  18 
DETERMINATION OF MAXIMUM ANGLE  27 
SYSTEM DIAGRAM - EXAMPLES #1 AND #2  35 
SYSTEM DIAGRAM - EXAMPLE #3  40 
-vi- 
ABSTRACT 
The determination of the critical clearing time for a particular 
fault condition has long been a difficult problem for both the long- 
range system analyst and short-range system operations analyst.  The 
classical equal area technique and other techniques which require net- 
work reduction and admittance matrix calculations have generally proved 
to be cumbersome and time consuming both in manpower and computer com- 
putation time. 
Network planning studies often require an examination of a parti- 
cular fault condition and its expected clearing time through the use of 
a detailed "point-by-point" stability solution.  It is advantageous to 
the analyst, even after a detailed solution has been performed, to be 
able to calculate the critical clearing time for a particular fault. 
If the detailed stability case at the expected clearing time is un- 
stable, the critical clearing time indicates the improvement necessary 
to achieve stability.  If the detailed case is stable, the critical 
clearing time can be used to indicate the system's stability margin.  A 
method and mathematical algorithm to calculate the critical clearing 
time using the information provided by a detailed stability case has 
been investigated and developed by this thesis.  The accuracy of the 
algorithm was also evaluated by examining a sample large scale test 
system.  Based on the results of this investigation, the algorithm has 
- 1 - 
been shown to provide quick, and accurate answers.  The concept of 
"Stability Margin Index" was also developed.  Prior to this thesis, a 
system analyst could not easily measure the relative stability safety 
margin of a transmission system even after a "point-by-point" stability 
solution was obtained.  The concept of stability margin was developed 
to aid the analyst in evaluating alternatives and to alert the analyst 
to stable situations which are extremely marginal. 
This thesis developed a simplified technique which will serve as a 
tool for system analysts to determine these two important factors, 
i.e., the critical clearing time and the newly defined "Stability Mar- 
gin Index." 
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CHAPTER 1 
INTRODUCTION 
The reliability of a modern electric power system is significantly 
affected by the stability of its synchronous generators, and in order 
for them to provide useful electric energy, the generators must remain 
in synchronism.  For example, the devastating blackout in portions of 
Pennsylvania, New Jersey, and Maryland on June 5, 1967 was partially 
due to the inability of the generators to remain in synchronism during 
the disturbance.  Subsequent to these blackouts, the analysis of power 
system stability has received considerable attention.  The problem has 
become particularly acute due to economies of scale and technological 
advances which have resulted in the production of larger capacity gen- 
erating units.  In the early 1960's, an average large generator had a 
capacity of approximately 300 megawatts.  Today, single generators, 
each with a relatively low inertia constant, have capacities that 
exceed 1,050 megawatts.  The stability of these generators must be 
maintained in order to provide reliable electric service. 
An electric power system is often subjected to transient phenome- 
non such as lightning striking a transmission line or tree branches 
contacting a line.  The generators on the system must be able to with- 
stand the transient and return to a steady state operating point.  The 
3 - 
ability of a generator to return to a steady state is significantly 
affected by the amount of time it takes to clear a transient fault.  If 
the fault is not cleared fast enough, the generator may lose synchro- 
nism and become unstable.  The maximum amount of time which can be 
tolerated to clear a fault and still maintain stability is commonly 
called the "critical clearing time".  This critical clearing time when 
compared to the expected clearing time, indicates the margin of safety 
between stability and instability.  On a modern 60 Hertz bulk power 
system, faults are often cleared in six cycles (0.1 seconds) or less. 
The critical clearing time for a particular fault involving all three 
phases of a transmission line may be, for example, ten cycles (0.1666 
seconds).  The margin of safety in this case is four cycles.  If the 
critical clearing time for a fault on another transmission line is 
seven cycles, the margin of safety would be only one cycle.  In this 
example, this small amount of stability margin indicates a crucial 
situation. 
Unfortunately, many crucial situations are often overlooked be- 
cause of the general unavailability of a critical clearing time esti- 
mate.  If the critical clearing time can be calculated, the system 
analyst can determine the stability margin and can make an educated 
evaluation of the system's reliability. 
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CHAPTER 2 
CALCULATION OF CRITICAL CLEARING TIME - STATE OF THE ART REVIEW 
The classical method of determining the critical clearing time is 
commonly considered to be the "equal-area criterion for stability". 
This method generally involves representing the system in the form of a 
one machine versus infinite bus approximation as shown in Figure 1, 
Page 6.  The equivalent network includes the generator and all other 
system impedances.  In general, the assumptions of constant mechanical 
power input to the turbine (P ), constant internal generator voltage 
m 
(E ), lack of generator damping and zero system resistance (R  , H ? 
and R ) are used to simplify the problem.  These assumptions with the 
possible exception of constant internal generator voltage, are gener- 
ally acceptable since they will provide conservative results.  Depen- 
ding on the particular generator's characteristics and the severity of 
the system transient, the assumption of constant internal generator 
voltage may not be conservative.  In some cases, the voltage may de- 
crease during the transient.  However, in general, this assumption is 
adequate for use in the analysis of a one machine versus infinite bus 
equivalent system. 
- 5 
ONE MACHINE VERSUS INFINITE BUS 
e  Jxe 
m 
P - mechanical power input 
P - electrical real power output 
Q - electrical reactive power output 
A 
I - current vector 
E,[b_- generator internal voltage magnitude and angle 
R 1 and R „ - equivalent system shunt resistances 
X n and X „ - equivalent system shunt reactances SX        oZ. _« 
R - equivalent system transfer resistance 
X - equivalent system transfer reactance 
E«(_p_- equivalent system infinite bus with constant voltage 
magnitude and a constant phasor angle of zero degrees. 
FIGURE 1 
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The electrical real power  output of   the machine can  be derived  in 
the following manner: 
Let   (R.  + jXt)   = Z^and —    = m + jn;   (Rgl + jX^)   =  Zg /s_ and 
Z   /s 
s '  
=    g + jh 
Pe - JQe -  (^b-k)   (  I > 2-1 
P      =    Real part of 
\\L-b)   (EjLL "  E2/0)     +       (E1/Zb)   (E^) 
Z£t_ Z
RZ*. 
P       =     R 
E^/0 
~z/t 
_ E1  E2   /-b-t 
|Z| + 
EJ/O. 
Z   /s 
s '— 
2-2 
2-3 
Pe     -     Ex   (m) 
El  E2 2 |Z| cos   (-b-t)     +    E1   (g) 
_E1 E2 2 
—J2f-    cos   (b + t)     +    Ex   (m + g) 
Since:     cos   (X)     =     sin   (90°  - X) 
2-4 
2-5 
—F      F 
p
e 
=
 ~Tzr sin (9°Q _b_t) + Ei(m + 8) 
sin   (X)     =    -  sin   (-X) 
let K = -90°  + t 
E1E2 
-jYp    sin  (b + K)     +    Ej^  (m + g) 
if Rgl and Rt =  0,   then g and m =  0;|z|= X    and  t =  90' 
E    E 
Pe    =    -Ag-Z-    sin   (b) 
2-6 
2-7 
2-8 
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When the generator is running at' synchronous speed with respect to 
the infinite bus, angle "b" will remain constant.  Under a steady state 
situation, the electrical power output of a machine will remain con- 
stant.  However, when a transient fault on the transmission system 
occurs, the electrical power output will change instantaneously due to 
a change in the equivalent system transfer reactance, X .  Since the 
mechanical power input to the turbine has not changed, this imbalance 
will cause the turbine and rotor of the generator to accelerate. 
The equation which determines the variation in the angle "b" is 
commonly known as the "swing equation", as follows: 
A M 5_2. = P = P _ P "2-9 
.. 2     a   m   e 
at 
M = inertia constant in megajoule - seconds per electrical degree 
P = acceleration power in megawatts 
b = relative shaft angle in electrical degrees 
t = seconds 
The basis for the "equal-area criterion" can be derived from this 
1 
equatxon. 
Multiplying each side of equation 2-9, Page 8 by _2 (db) yields; 
M (dt) 
2 d2b db    2 P  db . nn 
      a                                    2-10 
dt2  dt     M   dt 
- 8 - 
Since, 
2 d2b 
at2 
db 
dt 
_d 
dt 
db 
dt 
2-11 
then, 
dt 
db 
dt 
2 P  db 
a 
M dt 
Multiplying by dt and then integrating both sides yields; 
-,2 
db 
dt 
2 /P db 
Taking the square root of both sides yields; 
1/2 
db 
dt 
2 /P dbj 
M/ a 
2-12 
2-13 
2-14 
If a system transient occurs and if the machine returns to a 
steady state operating point with respect to the infinite bus, the 
internal voltage angle will be constant and db/dt will equal zero. 
Therefore, the ^integral of the acceleration power (P ),, with respect 
3- 
to the internal voltage angle (b) must also be zero. 
The classical equal area analysis can be shown by using 
Figure 2, Page 10. 
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EQUAL AREA ANALYSIS 
e a 
m 
Curve before the fault 
Post^fault curve 
—\-Curve during the fault 
FIGURE 2 
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The steady state operating point of the machine before the fault 
occurs is shown as point "i".  When the fault occurs, the electrical 
power output is reduced to point "o".. This causes the machine to ac- 
celerate and, therefore, angle "b" begins to increase.  When the fault 
is cleared, the operating point jumps from the fault curve to point 
"c".  The integration of the acceleration power is indicated by area 
"A".  At point "c" the acceleration power becomes negative.  However, 
the angle "b" is still increasing due to the previous increase in 
speed.  The angle "b" will continue to increase until the deceleration 
area "D" equals the acceleration area "A" provided the point "m" has 
not been reached.  When this occurs, db/dt will equal zero and the 
angle will tend to decrease along the post-fault curve.  The operating 
point will oscillate around point "f" until the damping losses 
reestablish the steady state at point "f". 
If the area "D" does not reach a value equal to area "A" on the 
first swing before the angle reaches point "m", the situation becomes 
critical.  A further increase in angle will cause the machine to accel- 
erate again and become unstable. 
Using this criterion, a "critical clearing angle", b , can be 
defined as being the angle such that areas "A" and "D" are equal.  This 
critical clearing angle has great significance, since the machine is 
destined to become unstable if the fault is not cleared by the time the 
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machine reaches this angle.  The time at which the machine reaches this 
angle is called the "critical clearing time". 
Once the critical clearing angle (b ) has been found, the critical 
clearing time (t ) can be calculated.  Equation 2-14, Page 9 can be 
modified to find "t " by taking the reciprocal of both sides, multi- 
plying by db, and integrating from b  to b as shown in Figure 2 on 
Page 10. 
P db 
a 
-1/2 
db 2-15 
This integral cannot be easily evaluated due to the complexities 
of "P "; however, it can be accurately computed through the use of a 
cl 
digital computer and any one of several numerical methods such as 
2 
trapezoidal rule or Simpson's rule. 
This classical equal area method can be used to calculate the 
critical clearing time only if an accurate equation for "P " can be 
obtained.  Using the classical assumptions as stated on Page 5, the 
acceleration power can be found by the following equation: 
E1E2 
X. sin (b)  - P m 2-16 
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This equation, however, has not received widespread, use in the 
calculation of critical clearing time due to its inherent inaccuracies 
and difficulty in obtaining the transfer reactance value, X .  This 
reactance must be found for every system configuration during the 
transient disturbance.  The classical "equal-area criterion" has been 
mainly used as a teaching aid to develop an understanding and appre- 
ciation of the power system stability problem.  Most of the actual 
power system stability studies are conducted using a detailed multi- 
machine representation and a "point-by-point" solution of the swing 
equation which is calculated using the expected fault clearing time. 
The answers are in the form of machine angle vs. time curves which are 
commonly called "swing curves".  The electrical power output of each 
machine and the associated machine angle at each point are also avail- 
able.  If the angular difference between any two machines increases 
without bound, the system is unstable.  Unfortunately, the "point-by- 
point" solution does not provide an estimate of the critical clearing 
time.  As a result, the margin of safety between the expected clearing 
time and critical clearing time is not generally known. 
In recent years, additional methods other than the traditional 
"equal-area criterion" and "point-by-point" solution have been investi- 
gated to analyze power system stability.  Due to the occurrence of 
various blackouts, it became apparent that an "on-line stability analy- 
sis computer program" would be beneficial to determine the reliability 
- 13 
of the power system during each day of operation.  The development of 
an adequate algorithm and program has been slow and is still not fully 
resolved.  One of the first technical papers was written by G. E. 
3 
Gless , "The Direct Method of Lyapunov Applied to Transient Power 
System Stability".  Several papers have been written since that time 
which describe the advantages and problems associated with the 
Lyapunov method as applied to power system stability analysis. 
The method generally involves the formulation of a function which 
will describe the energy of the overall multi-machine system as a 
function of the relative generator voltage angles and speeds.  This 
energy function for a three-machine power system can be visualized as 
a three dimensional continuous surface with minimum energy values at 
4 
the bottom of the valleys and maximum values at the top of the ridges. 
The initial steady state operating point is located at one of the 
minimum energy values.  If a machine obtains enough acceleration 
energy during a transient disturbance to cross over one of the ridges, 
then the machine becomes unstable.  This three dimensional function 
becomes a multi-dimensional function for a system containing more than 
three machines. 
The development of an accurate energy function has been difficult 
and is still not fully resolved even though it is usually unnecessary 
to study more than 100 generators.  Since most networks contain more 
- 14 - 
than 1000 buses, the energy functions that have been developed require 
the calculation of an equivalent transfer admittance matrix for the 
generator buses under study.  In order to obtain the data required to 
calculate the equivalent transfer admittance matrix, it is necessary to 
perform a network reduction to eliminate the unnecessary buses while 
retaining the generator buses.  In most cases, the transfer resistances 
are considered to be negligible and only the transfer reactances are 
taken into consideration.  The customer loads which are included in 
this matrix are represented as constant impedances.  In the formulation 
of the energy function, the internal generator voltage is assumed to 
remain constant throughout the transient.  The application of this 
method appears to be promising for" "on-line" stability analysis.  The 
system operator with the aid of a computer could use this method to 
rapidly check hundreds of potential contingencies in order to estimate 
the stability of the system. 
In general, however, this method will not replace the "point-by- 
point" solution which accurately calculates the stability of a power 
system using a particular expected clearing time.  The "point-by-point" 
solution is not restricted to the common simplifying assumptions such 
as constant impedance customer loads and constant internal generator 
voltages.  The "point-by-point" method often includes the detailed 
representation of the governor control system, machine saturation, and 
exciter system, including the variation of internal generator voltage. 
- 15 - 
The variation of customer real and reactive loads due to transient 
voltage variations can also be simulated.  In addition, the method does 
not require a network reduction since programs have been developed to 
handle 1500 network buses and 250 generators.  Since this method avoids 
the limitations of many of the common assumptions, it is generally used 
by a system analyst to perform a detailed study of a present or future 
bulk power system.  The "point-by-point" method is used to show that 
the system is either stable or unstable for a particular clearing time, 
but unfortunately, even after this solution has been obtained, an indi- 
cation of the stability safety margin is generally not available.  The 
answers provided by the "point-by-point" method can be used to calcu- 
late the critical clearing time; and, therefore, an estimate of the 
stability margin can be obtained.  The development and application of 
such a method provides considerable benefit to power system stability 
studies since, in the past, many crucial stability situations may have 
been overlooked.  Through the development of a method to calculate the 
critical clearing time and stability margin from the previous "point- 
by-point" solution, a system analyst can now make an educated evalua- 
tion of the reliability of a particular power system. 
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CHAPTER 3 
CALCULATION OF CRITICAL CLEARING TIME & STABILITY MARGIN INDEX 
The results of a detailed stability case supply valuable informa- 
tion which can be used to calculate the critical clearing time.  A 
plot of the "point-by-point" power versus angle curves for a typical 
stability case is shown on Figure 3.  Each "dot" represents the elec- 
trical power output of the machine with its associated machine angle. 
Each "triangle" represents the mechanical power applied to the shaft. 
The mechanical power changes slightly due to turbine governor control 
and mechanical damping.  The electrical power and the mechanical power 
are equal at the1 steady state operating point "i".  The angle "b" axis 
on Figure 3 is linear and represents the machine's internal voltage 
angle.  The particular angles (b . , b.. , b„, and b») which occurred at 
the specified switching times (t., t , t„ , and t ) are noted.  When a 
fault is applied at time, t., the electrical power instantaneously 
drops.  After the first circuit breaker partially clears the fault at 
time, t-, the electrical power increases to point "1".  When a second 
circuit breaker opens at time, t„, the electrical power increases to 
point "2".  Finally, when a third circuit breaker clears the fault at 
time, t , the electrical power increases to point "3".  The remaining 
"dots" show, for this particular example, that the machine angle con- 
tinues to increase beyond angle "b " and, therefore, the machine 
m 
becomes unstable.  In this particular example, the acceleration area 
(A plus A„) was greater than the deceleration area (D plus D_). 
- 17 - 
TYPICAL POWER VERSUS ANGLE CURVES 
Curve z 
b. - angle at time, t. 
b1 - angle at time, t 
b„ - angle at time, t_ 
b„ - angle at time, t 
b - maximum angle 
m 
Notes:  (1) Each "dot" represents the electrical real power 
output, P . 
(2) Each triangle represents the mechanical power 
input, P . 
m 
FIGURE 3 
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Through extrapolating the curves as shown by the "dashed" lines, 
it can be seen that a reduction in "b " will increase the deceleration' 
area.  Therefore, at some value of "b ", the deceleration area may 
become equal to the acceleration area.  When this occurs, the value of 
"b " will correspond to the "critical clearing angle".  Thus, by 
extrapolating the curves, it may be possible to estimate the "critical 
clearing angle". 
Once the critical clearing angle (b ) has been established, the 
critical clearing time can be found by using equation 2-15, Page 12. 
In order to calculate the critical clearing time through the use of 
this equation, an expression for the acceleration power (P ) must also 
a. 
be developed.  The acceleration power can be calculated by subtracting 
the electrical power output (P ) from the mechanical power applied to 
the shaft (P ).  The same extrapolated curves that were used to find 
m 
the critical clearing angle (b ) can be used to develop an expression 
for the acceleration power.  Once an expression has been developed, 
the critical clearing time can be calculated using equation 2-15, 
Page 12 and any one of several numerical integration techniques such 
as the trapezoidal rule or Simpson's rule. 
( The amount of stability safety margin is of great importance in 
any stability analysis.  If a detailed "point-by-point" stability 
solution for a particular clearing time shows that the system remains 
- 19 - 
stable, the system analyst needs to know the amount of stability safety 
margin.  One of the analyst's chief concerns is the difference between 
the expected clearing time, "t ", and critical clearing time, "t ".  A 
meaningful measure of stability safety margin can be developed as a 
percentage of the expected clearing time.  This stability margin index, 
"S ", will be defined as: 
m 
(t - t ) 100 
S   =   — 3-1 
m t 
e 
The stability margin index represents the percent difference 
between the expected clearing time and the calculated critical clearing 
time.  If the calculated stability margin index is large for a parti- 
cular stability case, the system analyst can feel confident of the 
system's reliability.  In order to be truly safe, the stability margin 
index should be at least larger than the error associated with the 
expected clearing time.  Many of the existing protective relay schemes 
and circuit breakers operate within a relatively broad tolerance.  In 
some cases, the overall expected clearing time may vary as much as 30 
percent.  As a result, if the stability margin index is small, such as 
30 percent or less, the system analyst can recognize that a truly 
marginal situation exists.  Therefore, the accuracy of the calculated 
critical clearing time and resultant stability margin index is of 
primary importance when the actual stability margin of the system is 
small.  If the actual stability margin is large, extremely accurate 
- 20 - 
.critical clearing time and stability margin index calculations are un- 
necessary.  Therefore, the accuracy of the proposed method to calculate 
the critical clearing time appears to be very appropriate.  The 
accuracy of this critical clearing time calculation mainly depends on 
the accuracy of the extrapolated power curves.  The power estimates 
provided by the extrapolated curves will have a higher degree of 
accuracy for critical clearing angles (b ) which are close to the 
expected clearing angle (b_).  As a result, the calculated critical 
clearing time will also have a higher degree of accuracy when it is 
close to the expected clearing time.  In order to provide useful cri- 
tical clearing time estimates, the method chosen to extrapolate the 
power curves should have sufficient accuracy to provide good results 
for relatively small stability margins. 
There are many available methods that can be evaluated to extra- 
polate the power curves.  If enough data points are available, a "least 
squares" polynomial fit could be obtained.  Other polynomial approxi- 
2 
raations such as Newton's divided difference method could also be 
evaluated.  However, an extrapolation method which is derived from the 
fundamental equations is likely to be one of the best methods. 
Although the common electrical power equation (2-8, Page 7) 
produces curves as shown on Figure 2, Page 10, this form of the 
equation is not practical for simulating the power vs. angle curves. 
The actual power vs. angle curves are often displaced on both the 
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angle axis and power axis.  This is mainly due to the equivalent shunt 
elements and transmission system resistance as indicated in equation 
2-7, Page 7.  In order to evaluate the new method of calculating the 
critical clearing time and stability margin index, the general form 
of equation 2-7 is used to simulate the electrical power vs. angle 
curves.  The general form of the equation is: 
P = P sin (b + a) + C 3-2 
e 
where: 
P = the electrical real power output 
P = the amplitude of the sine wave 
b = the generator internal voltage angle 
a = the displacement of the sine wave on the angle axis 
C = the displacement of the sine wave on the power axis 
The electrical power output after the last switching operation 
(Curve z, Figure 3, Page 18) is simulated by the equation, 
P  = P sin (b + a ) + C . 3-3 
ez   z z    z 
If a particular point-by-point solution shows that the generator 
voltage angle continues to increase beyond angle, "b ", Curve z will 
be defined between angles b„ and b .  However, if the results of a 3     m 
particular solution indicate that the generator is stable, only a 
portion of Curve z between angles b„ and b will be defined.  The 3     m 
22 
generator voltage angle may not reach angle "b ".  Even so, the avail- 
m 
able portion of the curve can be used to simulate Curve z.  It is 
interesting to note that if the stability margin for a particular 
solution is small, a large portion of Curve z will be available to 
calculate the coefficients in equation 3-3.  The coefficients P , a , 
and C can be calculated by using three of the points found on Curve z. 
The three points will be called d, e, and f (Figure 3, Page 18) which 
have corresponding values (P,, b,), (P , b ), and (P,., b,.) respective- d  d    e  e        It 
ly.  Thus, three equations can be formed from equation 3-3. 
P, = P sin (bj + a ) + C 3-4 d   z      d   z    z 
P = P sin (b + a ) + C 3-5 
e   z      e   z    z 
P = P  sin (b,, + a ) = C 3-6 f   z      f   z    z 
These three equations can be solved simultaneously to yield P , 
a , and C .  The derivation can be found in Appendix 1.  The results 
of this solution yield the following: 
- 23 - 
tan -\]J"(cos T)(Y) - (cos Q)(X) { (sin T)(Y) - (sin Q)(X) 3-7 
where: 
T = 
(b    + b  ) d         e 
2 
Q = 
(bQ + bf) e         I 
2 
X — (P ,  - P  ) 
sin [bd:H 
[be  "  VI 
sin L        2      J 
P  - p. 
3-8 
3-9 
3-10 
3-11 
2 sin 
Xbe - bf )]    f(be * bf + 2 ag)- 
-J  cos|_  
P, - P  sin (b, + a ) d   z      d   z 
3-12 
3-13 
By calculating the coefficients P , a and C , equation 3-3 is 
used to estimate the electrical power output for any given angle that 
occurs after the last switching operation. ; 
Using a similar form of equation 3-3, curves y, x, and f are 
simulated by the respective equations; 
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P  = P sin (b + a ) + C 3-14 
ey   y y    y 
P  = P sin (b + a ) + C 3-15 
ex   x xx 
P , = P£ sin (b + ar) + Cc 3-16 ef   f f    f 
The first step in the process of calculating the critical 
clearing time is to find a value of "b " which will result in equal 
acceleration and deceleration areas.  In other words, the deceleration 
area (D + D ) minus the acceleration area (A + A„) must equal zero. 
In this initial algorithm development, since the change in the 
mechanical power is relatively small, the mechanical power is assumed 
to be constant after the second switching operation at time, t .  The 
mechanical power (P  ) at time, t , is available from the point-by- 
point solution.  Using this assumption and referring to Figure 3, 
Page 18, the condition for equal acceleration and deceleration areas 
can be expressed by the following equation. 
0 = /  P£ sin (b + a.) + Cr  db + /  P sin (b + a ) + C db 
'   f f    f     /   x x    x 
P db +/ P sin (b + a ) + C db +/ P  sin (b + a ) + 
m    yyy/z       z 
C
2 
db
 - [Pn,2 <\, - V] 3"17 
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Since a value of "b " may not be known, it must be calculated, 
m 
By observing Figure 4, Page 27, we find that: 
P „ = P at b and b 
m2   e    m     p 
Therefore, 
P _ = P sin (b + a ) + C 
m2   z      p   z    z 3-18 
b = -a + sin 
P    z 
-1 
<
P
m2 " CzVPz 3-19 
Also from Figure 4, 
b
m 
=
 [~az + *] " [bP -('az>] 3-20 
Substituting for b    yields. 
b    = TT -a    -sin 
m     L zj (P  .  - C  )/P m2 z       z ■] 3-21 
Since the first three terms of equation 3-17 are constant for 
variations in "b ", let them equal K , K„, and K„ respectively. 
Since, 
Kx + K2 + K3 P db, a   ' 3-22 
b. 
x 
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f 
It can be seen from equation 2-13, Page 9 that the summation of 
these constants is related to the relative velocity of the machine 
at time, t • hence, we can say: 
Kl + K2 + K3 = " £f [!] 3-23 
The relative velocity of the machine, db/dt, is available from 
the "point-by-point solution. 
If more than one machine is connected to the same bus and 
therefore, swing together, the machines should be combined into one 
equivalent machine.  This equivalent machine will have an equivalent 
relative velocity at time, t~ , and an equivalent set of power versus 
angle curves.  An equation to calculate the velocity can be derived 
from equation 2-13, Page 9. 
Dividing both sides by 2/M and letting (db/dt) = V, the 
velocity, equation 2-13 yields, 
^db = f2 3-24 
Since the acceleration area (kinetic energy) for the equiva- 
lent machine must equal the summation of the acceleration areas of 
the individual machines, 
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M  (V )' 
e  e 
M (V )2    M (V )2    M  (V r 
- ■  ■    +    +  —~r    + 
3-25 
The subscript "e" denotes the equivalent machine.  The subscripts 
1, 2, 3 ... denote the machines to be combined. 
The equivalent inertia constant, M , can be calculated by adding 
the individual machine inertia constants. 
M = Mn + M0 + M0 + e   1   2. 3 3-26 
Therefore, the equivalent velocity can be calculated by, 
V = 
(V1)2  M1 + (V2)2 M2 + (V3)2  M3 + 
1/2 
M 
Equation 3-23 then becomes, 
1/2 
3-27 
K1 + K„ + K- = -(Vo)   (M /2) ±   2. 3     e     e 3-28 
After performing the remaining integrations, equation 3-17, 
Page 25 can now be written as; 
0 = -P cos (b + a ) + C b + P  cos (b0 + a ) -    3-29 y     cy    ycy     2y 
C    b„  - P    cos   (b    +a)+C    b    +P     cos   (b    + a  )   - y2 z m z zm z c z 
C    b    - P       (b    - b0)   -   (V )2   (M 12) z     c m2   v m 2 e       v  e 
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Let the constant K, equal, 
3-30 
K = P cos (b„ + a ) - C b. - P cos (b + a ) + 4   y      2   y    y2   z      m   z 
z m   m^i  m   2. e    e 
then equation 3-29 yields, 
0 = K, + P cos (b + a ) - P cos (b + a ) +   3-31 4   z      c   z    y      c   y 
b  (C - C )" 
c  y   z 
expanding the equation, 
0 = K. + P cos b  cos a  - P sin b  sln a 4   z     c     z   z     c     z 3-32 
let, 
P cos b cos a + P sin b sin a + y     c     y   y     c     y 
b  (C - C ) 
c  y   z 
Kr = P cos a z     z 3-33 
K. = P sin a 
z     z 
3-34 
K-, = P cos a 
y   y 
3-35 
K„ = P sin a 
y   y 
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3-36 
then equation 3-32  yields, 
0 = K,   +  (K_  - K_)   cos b    +  (KQ  - Kj   sin b    + 3-37 4 D I COD C 
b     (C    - C  ) 
c       y z 
Although a direct solution for "b " is not readily available, 
an approximate value for "b " can be obtained through a binomial 
search technique.  If a legitimate solution exists, it will be 
within the range from "b0" to "b ".  The binomial search can be 
° 2      m 
started by substituting the value of "b " for "b " in equation 
3-37.  If the value of the right-hand side of equation 3-37 is 
greater than zero, then the actual value of "b " is greater than 
"b ".  This is true since the right-hand side of equation 3-37 
actually represents the net deceleration area.  Next, by substituting 
the value of "b " for "b " in equation 3-37, the actual value of "b " m       c     i » c 
is less than "b " only if the value of the right-hand side is less 
than zero.  Likewise, the binomial search can be continued by testing 
a value midway between "b " and "b ".  In this manner the actual value Z m 
of "b " can be determined within a specified tolerance, 
c 
After the critical clearing angle, b , has been found, the 
critical clearing time can be calculated through the use of equation 
2-15, Page 12.  Since the time and corresponding machine angle of 
the second switching operation are known (i.e., t„ and b„, 
respectively), equation 2-15 can be written as; 
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P    db 
a 
-1/2 
db 3-38 
The  integral, 
P    db 
a 3-39 
We can, by inspection, let: 
KQ  =/       P db 9   /       a 3-40 
Therefore, as indicated by equation 3-22 and 3-28, 
K9 = -(^ + K2 + K3) = (Ve)  (Me/2) 3-41 
The other integral, 
P db 
a { t P _ - P sin (b + a ) - C db 3-42 m2   y        y    y 
- 32 - 
or: 
3-43 
P     db    =    P„b+P    cos   (b + a  )   - C b - P  „  b. 
a m2 y y y m2     2 
- P    cos   (b.  + a  )  + C    b„ y 2 y y     2 
Let 
Kin = -P  .  b0 - P    cos   (b0 + a  )  + C    b. 10 m2     2 y 2 y y     2 3-44 
then  equation 3-38 becomes, 
(p-C)b + P    cos   (b + a  )   + K    + K 
m2       Y   "   '   'y "       v"   '   ~y7    '   "9   '   '10 
3-45 
K/2 
db 
Since all of the necessary values for equation 3-45 are now 
available, the calculation to find the critical clearing time can 
be performed by any one of several numerical integration methods. 
In the next chapter, an examination of the accuracy of this algorithm 
will be made by applying it to an actual large scale system. 
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CHAPTER 4 
APPLICATION OF THE CRITICAL CLEARING TIME 
AND STABILITY MARGIN ALGORITHM TO A TYPICAL LARGE SCALE POWER SYSTEM 
The accuracy of the method developed in Chapter 3 has been 
examined by comparing its answers to the results of detailed "point- 
by-point" stability calculations made on an actual large scale system. 
The chosen test system was represented in detail and contained 1,138 
substation buses and a total of 1,959 transmission lines and trans- 
formers.  The detailed stability representation included 51 generators 
with excitation and governor control systems.  The frequently used 
customer load representation of constant current real power and 
constant impedance reactive power was used instead of the classical 
assumption of constant impedance real power loads. 
A portion of the system is shown on Figure 5, Page 35.  The two 
generators are large two-pole, 740 MW machines.  The first "point-by- 
point" stability case (Example #1) represented a phase-to-ground fault 
located near Substation #2 on the transmission line between Substa- 
tions #2 and #3.  Starting at time, "t", equal to zero cycles, the 
fault was applied.  The fault was partially cleared by Breaker #1 at 
"t" equal to four cycles; however, Breaker #2 failed to operate. 
Further clearing was accomplished at "t" equal to six cycles through 
the tripping of Breakers #3 & #4.  At the expected backup clearing 
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time of 10.5 cycles, Breakers #5, 6, & 7 cleared the fault.  The 
results of this particular stability case showed that the system 
remained stable.  A program subroutine (see Appendix 2) based on the 
algorithm developed in Chapter 3 also calculated the critical clearing 
time and stability margin index.  The critical clearing time of the 
last switching operation was estimated to be 12.0 cycles.  The resul- 
ting stability margin index was 14%.  Next, a check was made to show 
the accuracy of the 12.0 cycle estimate.  Using the normal trial-and- 
error approach, the "point-by-point" stability case was repeated 
several times while varying the former 10.5 cycle clearing time.  The 
generators remained stable when a clearing time of 11.7 cycles was 
used.  However, using a clearing time of 11.8 cycles showed 
instability.  Therefore, the actual critical clearing time was 
between 11.7 and 11.8 cycles.  The original critical clearing time 
estimate of 12.0 cycles is within 0.3 cycles of the actual critical 
clearing time as calculated by the more accurate "point-by-point" 
method.  In this example, the algorithm supplied a reasonable estimate 
of the critical clearing time.  Without the use of this algorithm, a 
system analyst would not be able to easily estimate the critical 
clearing time and, therefore, would not be able to judge the amount of 
stability margin which exists.  The lengthy trial-and-error approach 
would be required which wastes a considerable amount of manpower and 
computer time.  In the previous example, each "point-by-point" 
stability case consumed an average of 12 minutes of "CPU" on an "IBM 
36 - 
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Model 370/158" computer.  Generally, the trial-and-error approach 
requires at least three additional cases to determine the critical 
clearing time. -Therefore, at least 36 minutes of "CPU" is needed to 
find the critical clearing time.  At a typical $300 per hour for "CPU" 
time, this would cost $180 to process.  This trial-and-error approach 
also requires a considerable amount of judgement by the system analyst 
to avoid unnecessary stability cases.  Each case must be checked care- 
fully before the next case can be prepared and submitted to the com- 
puter.  Considering the additional computer cost and required case 
preparation, the system analyst, in many situations, ignores the poten- 
tial stability margin problem.  However, the algorithm developed in 
Chapter 3 can provide a quick and reasonable answer.  As a stability 
program subroutine, the algorithm only requires the analyst to indicate 
the generators to be combined into an equivalent machine.  The sub- 
routine, which uses less than two seconds of "CPU", then calculates the 
critical clearing time.  This represents a considerable savings in 
computer time and requires very little effort by the system analyst. 
As a result, the system analyst can quickly determine the critical 
clearing time for each fault condition which is examined. 
In order to further test the algorithm, another fault condition 
was examined (Example #2, Figure 5).  A three-phase fault was placed 
on the line near Substation #1 between Substations #1 and #2.  In this 
particular case, all of the pilot channel relaying which normally 
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protects this line was assumed to be out of service for repairs. 
Breaker #8 partially cleared the fault at "t" equal to four cycles. 
Breaker #9 tripped in six cycles.  However, since the pilot channel 
relaying was out of service, Breaker #1 and #10 did not clear the 
fault until 30 cycles had elapsed.  The results of this case showed 
that the generators became unstable.  Through the use of the algorithm, 
the critical clearing time was estimated to be 24 cycles.  The algor- 
ithm, in this case, gives the system analyst an estimate of the pro- 
tective relaying speed which would be necessary to achieve stability. 
Since the actual relay scheme in this particular system cannot be 
reset to operate within 24 cycles, the system analyst must determine 
another course of action to avoid this potential stability problem. 
In a similar manner to the first example, the 24 cycle estimate 
was checked to determine its accuracy.  Using the trial-and-error 
technique, the generators were found to remain stable at a 23 cycle 
clearing time but became unstable when cleared in 24 cycles.  There- 
fore, the estimating error in this case is less than one cycle.  This 
relatively small inaccuracy is certainly acceptable and considerably 
better than required.  Every system analyst must recognize that even a 
detailed "point-by-point" solution and the associated input data can 
only provide a reasonable level of accuracy.  Due to slight system 
changes such as customer megawatt and megavar load variations, power 
factor and voltage changes of individual generators, and other system 
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changes, the actual critical clearing time for a particular fault also 
varies.  Although it may be possible to calculate a precise critical 
clearing time for a particular set of input data, in the real world 
any critical clearing time calculation is only an estimate at best. 
The chief advantage of having a stability margin index calcula- 
tion is to provide the analyst with a relative measure of the stability 
of the system.  The analyst can then determine which fault conditions 
deserve further analysis and possible corrective action. 
The algorithm which has been developed has been shown to be ade- 
quate for the conditions tested.  Unfortunately, it is impossible to 
generalize that the technique will always be sufficiently accurate. 
Any technique which involves extrapolation or other estimating tech- 
niques must be used with caution and judgement.  In the previous two 
examples, the generators under study were both connected to a common 
230 KV bus.  In some locations even the generators within a given 
generation station or local geographical area may be connected to 
different voltage levels of the transmission system.  The electrical 
impedance between these machines can have a considerable effect on 
their interaction.  To illustrate this, an additional example was 
examined.  Another portion of the actual system is shown on Figure 6, 
Page 40.  Generators #2 & #3 at Substation //4 are connected to the 
230 KV system and are electrically connected to Unit #1 through a 
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230/69 KV transformer which has an impedance of 21% on a 100 MVA base. 
Units #2 & #3 are also connected to a generation station (Substation 
#5) approximately eight miles away by a 230 KV line which has an 
impedance of 0.97%.  A test case was conducted by placing a three-phase 
fault near Substation #4 on the line between Substation #4 and Substa- 
tion #6.  Breaker #11 opened and partially cleared the fault within 
four cycles.  However, Breaker #12 failed to operate.  Breakers #13 & 
#14 at Substation #6 opened in six cycles.  Finally, Breakers #15, 16 
and 17 cleared the fault in the expected backup relay clearing time of 
eight cycles.  By using the algorithm, the critical clearing time was 
estimated to be 9.5 cycles.  The resulting stability margin index was 
18.8%.  In order to determine the algorithm's accuracy under this 
condition, the trial-and-error approach was again used to determine 
the critical clearing time.  At a clearing time of 9.5 cycles, Units 
#2 and #3 were unstable.  After several attempts, the units were found 
to be stable at 9.4 cycles.  Therefore, the critical clearing time 
estimate is in error by approximately 0.1 cycles.  Using 9.4 cycles, 
the stability margin index is 17.5%.  The gross errors which might 
have been expected under this multi-machine example did not occur. 
Even though the error in the stability margin index was high by an 
absolute 1.3%, the estimates can provide the system analyst with 
sufficient useful information to make decisions that otherwise could 
not be made without considerably more time and effort. 
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It can be concluded from the previous example tests, that the 
algorithm as developed in Chapter 3 can be widely used for determining 
the critical clearing time and stability margin index of a particular 
fault condition.  However, in order to determine the extent of its 
application, the development of guidelines to determine the estimating 
error will require considerable experience and research.  Continued 
research is required in two general areas.  Further research should be 
conducted to determine alternate algorithms which may be able to rigor- 
ously consider multiple machine representations.  Secondly, additional 
extensive testing and experience will be required to develop general 
guidelines for estimating the error of an algorithm such as the one 
developed in Chapter 3.  For accurate results, a possible guideline may 
be established for the minimum transmission impedances required between 
generators.  This may depend on other factors such as generator inertia 
constants and megawatt output.  Another guideline may be established to 
determine which machines will swing together and, therefore, should be 
combined into an equivalent machine.  Guidelines for factors such as 
these can only be developed over a period of time and development will 
not be easy; however, at least the system analyst can now begin to 
investigate the problem of stability margin rather than ignoring it. 
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CHAPTER 5 
ALGORITHM SUMMARY & SAMPLE CALCULATIONS 
The application of the algorithm developed in Chapter 3 can best 
be summarized by means of sample calculations.  The calculations which 
were performed by the computer program subroutine to determine the 
critical clearing time of 24 cycles for Example #2 (Figure 5, Page 35) 
are discussed below. 
The pertinent results of the original "point-by-point" solution 
of Example #2 are tabulated in Table 1, Page 44.  The "H" inertia 
constants of Unit //l & Unit #2 (Substation #2) on a 100 MVA base are 
21.34 and 24.48 megawatt-seconds per megavolt-ampere, respectively. 
Converting "H" to "M" is accomplished by , 
(H) (100 MVA Base)      180° 
(180) (60 Hz)   X   TT ^ 1 
Multiplying by this conversion factor yields the "M" inertia 
constants 11.32 and 12.99 megajoule-seconds per radian, respectively. 
The inertia constants plus the results tabulated in Table 1 provide the 
total information required by the computer program subroutine to 
calculate the critical clearing time and stability margin index. 
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The subroutine begins by combining Unit #1 & Unit #2 into one 
equivalent machine.  Using equation 3-26, Page 29, 
M = 11.32 + 12.99 = 24.31 megajoule-seconds per radian    5-2 
Next, the equivalent velocity at time "t " (6 cycles) is 
calculated.  Equation 3-27, Page 29 yields, 
1/2 
V [(0.3508)
2
 (11.32) + (0.3105)2 (12.99) 5-3 
e 1/2 
(24.31) 
=  0.3299 slip cycles per second 
5-4 
V  = (0.3299 slip cycles per second) (2TT radians per slip cycle) 
= 2.0728 radians per second 
The coefficients P , a and C of equation 3-3 are then calcu- 1
z  z     z 
lated to represent Curve z.  The four points, #19 through #22, listed 
in Table 1 form Curve z.  Only three points (d, e, & f) are needed to 
calculate the coefficients.  Points #19, 20, & 22 were chosen to 
represent points d, e, and f.  Since the machines are assumed to swing 
together, the electrical power output of each machine is added togeth- 
er.  Since the angle axis is entirely relative, the angle of Unit #1 at 
Point #19, 20, & 22 is used for Points d, e, and f.  Therefore, Point 
d equals (1436.4 MW, 131.29°).  Likewise, Points e & f equal (924.3 MW, 
145.53°) and (-241.2 MW, 188.05°), respectively.  After substitution 
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into equations 3-7 thru 3-13, Page 24, the coefficients P , a , and C 
z   z      z 
are found to be 2112.7 MW, 0.9369 radians, and 1619.5 MW, respectively. 
In a similar manner, the coefficients P , a , and C of equation 
y  y    y 
3-14, Page 25 are calculated to represent Curve y. Points #10 through 
#18 form Curve y. Using the three points #10, 14, and 18, the coeffi- 
cients P , a , and C are found to be 1831.6 MW, 0.07234 radians, and 
y y    y 
-415.2 MW, respectively. 
Next, the maximum angle, b , must be found.  The mechanical power 
input, P „, equals the combined mechanical power of Unit #1 and Unit 
#2 at time "t ", point #9.  Therefore, "P " equals 1470.7 MW.  Using 
equation 3-21, Page 26, the maximum angle is found to be 2.275 radians. 
Before the binominal search can begin to determine the critical 
clearing angle, the constants K., Kc, K,, K^, and KQ must be found. 4   5   o   /       o 
The constant K, can be calculated by using equation 3-30, Page 30. 
K equals 5152.42. 
Likewise, by using equations 3-33 through 3-36 on Page 30, 
K = P cos (a ) = 2112.7 cos (0.9369) = 1251.3 5-5 5   z      z 
K6 = ?z  sin (az) = 2112.7 sin (0.9369) = 1702.3 5-6 
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K = P  cos (a ) = 1831.6 cos (0.07234) = 1826.8 5-7 7   y      y 
KQ = P  sin (a ) = 1831.6 sin (0.07234) = 132.4 5-8 
°  y    y 
Since all of the constants in equation 3-37, Page 31 are now 
known, the binomial search for the critical clearing angle, b , can 
be performed.  In this example, "b " was found to be 1.886 radians. 
The trial values of "b " during the search are listed in Table 2. 
c 
CALCULATION OF CRITICAL CLEARING ANGLE 
Iteration No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
Value of "b " 
c 
(b9) 
(bZ) 
Value of Equation 3-37 
0.989 1511.2 
2.275 -300.4 
1.632 m 299.6 
1.953 -63.9 
1.793 99.7 
1.873 13.6 
1.913 -26.2 
1.893 -6.6 
1.883 3.4 
1.888 -1.6 
1.885 0.9 
1.887 -0.3 
1.886 0.2 
TABLE 2 
Since "b " has now been found, the critical clearing time can be 
calculated using equation 3-45, Page 33.  The constants, Kq and K _, 
in equation 3-45 can be calcuated using equations 3-41, Page 32 and 
equation 3-44, Page 33.  K and K  equal 52.22 and -2758.4, 
respectively.  The critical clearing time can be calculated by using 
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the trapezoidal rule.  The number of trapezoids and the value of "t 
for each iteration are shown in Table 3. 
CALCULATION OF CRITICAL CLEARING TIME 
Iteration No. 
1 
2 
3 
Number of Trapezoids 
5 
10 
20 
't   Seconds 
c 
0.4043 
0.4022 
0.4016 
TABLE 3 
The iterations were stopped after the value of "t " changed less 
than 0.001 seconds.  The critical clearing time is 0.4016 seconds or 
approximately 24 cycles.  In this case, as calculated by equation 3-1, 
Page 20, the stability margin index is negative; 
S = (0.4016 - 0.5000)(100)/0.5000 = -20% 
m 
5-9 
This indicates that the expected clearing time of 0.5 seconds 
must be reduced by approximately 20% in order to achieve stability. 
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CHAPTER 6 
CONCLUSIONS 
An electric power system is often subjected to transient distur- 
bances which can severely jeopardize the reliability of the system. 
One of the key factors in many disturbances is the amount of time it 
takes to clear a transient fault.  Most of the common stability studies 
presently conducted use an expected clearing time for the particular 
fault condition to be evaluated.  Although these studies can determine 
the stability or instability of the system for that particular clearing 
time, they cannot indicate the margin of safety or allowable estimating 
error which can be tolerated in the fault clearing time.  However, the 
answers provided by common stability studies can be utilized to calcu- 
late the safety margin.  In this manner, many previously unnoticed 
crucial situations can be identified. 
Using the answers provided by a common stability study, the algor- 
ithm developed in Chapter 3 provides a method to calculate the maximum 
amount of time which can be tolerated to clear a fault and still allow 
the system to return to a steady state operating point.  In addition, 
this critical clearing time is then used to calculate a relative 
measure of the stability safety margin.  This newly defined measure is 
called the "Stability Margin Index".  By providing the system analyst 
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with these two important factors, the analyst can begin to make an 
educated evaluation of the system's reliability.  Many previously over- 
looked critical situations can now be identified.  The analyst can 
determine which fault conditions deserve further analysis and possible 
corrective action.  The algorithm developed in Chapter 3 has been shown 
to be accurate for the typical examples which were examined in Chapter 
4.  Although it is impossible to generalize that the technique will 
always provide sufficient accuracy, the example tests indicate that 
the algorithm can be widely used to determine the critical clearing 
time and Stability Margin Index.  Since so little information has been 
previously available to the system analyst, at least the problem of 
stability margin can now be investigated rather than ignored. 
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APPENDIX 1 
DERIVATION OF POWER EQUATION COEFFICIENTS 
Starting with equations 3-4, 3-5, and 3-6 on Page 23, 
P, = P  sin (b  + a ) + C d   z      d.   z    z 3-4 
P = P sin (b + a ) + C 
e   z      e   z    z 
3-5 
P = P sin (b, + a ) + C_ f   z      f    z    z 3-6 
the three equations can be solved simultaneously to find "P ", "a ", 
and "C ".  The following derivation is a corrected version of an 
unpublished derivation developed by the Computer Methods Department 
of Pennsylvania Power and Light Company*.  Subtracting equation 3-5 
from equation 3-4 and using a common trigonometric identity yields: 
P, - P = P  (2) sin d   e   z 
a e 
cos 
(b, + b + 2 a ) d   e     z A-l 
Performing a similar operation on equations 3-6 and 3-5 yields, 
P - P_ - P  (2) sin 
e   f   z  ' 
<b. - v 
cos 
(b + bc  + 2 a ) e   f     z A-2 
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Dividing equation A-l by A-2 yields, 
d   e 
e   f 
Let, 
X = d   e P - P, 
e   f 
sin 
b - b d   e 
L   2   J cos 
b , + b  + 2 a d   e     z 
2     J 
rb - b_l 
e   f 
2 COS 
fb + bc  + 2 a " e   f     z 
sin 2 
sin "
bd - b ' e 
2 
sin 
" b 
e 
- bf| 
2 
A-3 
and 
T = a e 
(b£ + bf) 
then 
X 
Y 
cos (T + a ) 
z_ 
cos (Q + a ) 
z 
Using the identity, 
cos (A + B) = cos A cos B - sin A sin B 
equation A-4 yields, 
X 
Y 
cos T cos a - sin T sin a 
z z 
cos Q cos a - sin Q sin a 
z z 
A-4 
A-5 
or 
X 
Y 
cos T - sin T tan a 
z 
cos Q - sin Q tan ap A-6 
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Solving for "a " yields, 
a  =  tan 
z 
-1 (cos T) (Y) - (cos Q) (X) 
(sin T) (Y) - (sin Q) (X) A-7 
Therefore, the value of "a " can be calculated\by using A-7, 
The value of "P " can now be solved by modifying equation A-2, 
yielding, 
P - P, 
e    f A-8 
2 sin [(b -/bf)/2]cos T(be + bf + 2 az)/2j 
Finally, the value of "C " can be found by modifying equation 
3-4, which yields, 
C  = Pj - P sin (b, + a ) 
z     d   z      d   z A-9 
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^ APPENDIX 2 
SUBROUTI NE CCT (032 , T2 , TE, AY1, AY2 , AY3, AZ1, AZ2, 
1AZ3,.NMACH,D) 
C **************************************************** 
C  CALCULATION OF CRITICAL CLEARING TIME AND 
C   STABILITY MARGIN INDEX BY JAMES K. ROBINSON 8/1/76 
C **************************************************** 
C DB2=ANGLE 22 IM DEGREES 
C T2-TIME T2 IN SECONDS 
C TE= EXPECTED CLEARING TIME IN SECONDS 
C AY1/AY2/AY3 = ANGLES in DEGREES FOR TH^E" POINTS 
C FROM CURVE Y 
C AZ1/AZ2/AZ3 = ANGLES IN DEGREES FOR THREE POINTS 
C FROM CURVE Z 
C NilACH   =   NUMBER   OF   GEMERMTORS   TO   BE   COMBINED 
C J = GENERATOR UNIT NUMBER 
C D(J,1) = "M" INERTIA CONSTANT OF "J"T!; MACIilNE 
C IN MEGAJ0ULE-3EC0NDS PER RADIAN 
C D(J,2) = MECHANICAL POWER INPUT(MW) AT TIME T2 
C FOR THE "J"T: i MACHIME 
C, D( J/3)=VEL0CITY IN S L I PC YC LES/S EC OF "j"T;i UNIT 
C D( J/(+)/D(J/5)/D(J/6)=PO„'EiUM,V<') OF M" UNIT FOR 
C THREE POINTS ON CURVE Y 
C D( J, 7)/D(J/8)/DCJ/9)= POl.'ERCriv;) OF "J"TH UNIT FOR 
C THREE POINTS ON CURVE Z 
C SEE TEXT OF LEHICH UNIVERSITY MASTER'S THESIS FOR 
C FURTHER EXPLANATION OF EQUATION'S 
C **************************************************** 
DIMENSION D(9,9) 
REALM=0.0 
PI=0.0 
SLIPCY=0.0 
PY1=0.0 
PY2=0.0 
PY3=0.0 
PZ1=0.0 
PZ2=0.0 
PZ2=0.0 
PZ3=0.0 
DO 17 J=l,NMACil 
REALM=REALM+D(J,1) 
PI=PI+DCJ^ 2) 
PY1=PY1 + D(J/1+) 
PY2=PY2+D(J,5) 
PY3=PY3+D(J,&) 
PZ1=PZ1+D(J,7) 
- 55 - 
c 
c 
PZ2»PZ2+D(J,S) 
17   PZ3=PZ3+C(J,9) 
£NERGY=0. 0 
JO  18 J=1,NKAC;I 
13  ENERCY=E;;ERGY+D(J,I)*(D(J, 3)**2) 
SLI PCY=(ENERGY/REAL!!)**0.5 
20   CALL   FIT(AY1,PY1,AY2,PY2,AY3,PY3,PY,AY,CY) 
CALL   FIT(AZ1,PZ1,AZ2,PZ2,AZ3,PZ3,PZ,AZ,CZ) 
C 
C 
CALCULATE   CRITICAL   CLEARING   ANGLE 
IFCPZ+CZ   .CT.    PI)   GO   TO   25 
WRITE(6,400) 
400   FORtfATC      UNSTABLE,    POST   FAULT   P"AX   LES^   T'AMl   PI') 
STOP 
25   32=032/57.29 5 8 
30   3i-l = 3 .1416-2 . 0*AZ-AP,SI M((DI -CZ)/PZ)+AZ 
RADPS = SLIPCY*2.0*3.Ik 15926 
RK9 = RAD PS *RAD PS* REA LM/2.0 
RK4 = -R,<3-PI *(!:r.-G2) + PY*COS(ii2 + AY)-CY*r:2-PZ* 
1C0S(3!1+AZ) + CZ*B'1 
RK6=PZ*3I N(AZ) 
RK7=PY*C03(AY) 
RK8»PY*5I N(AY) 
RK5=PZ*C03(AZ) 
kO    1=0 
3CH=3M 
BC = B2 
BCL=B2 
50    IF   (I    . EQ.    1)    i3C = BM 
IF CI    .EQ.   500)   GO   TO   92 
DA=RK4+(RK5-RK7)*C0S(BC)+(RK8-RK6)*SIN(3C)+3C* 
KCY-CZ) 
1 = 1+1 
IF (DA) 60,70,80 
60 IF(I .ME. 1) GO TO 90 
WRITE(6,500) 
500 FORMATt' CRITICAL CLEARING ANGLE IS LESS THAN 32') 
STOP 
80 IFCI .NE. 2) GO TO 91 
WRITE(6,600) 
600 FORMATC CRITICAL  ANGLE IS GREATER THAN B.MAX1) 
STOP 
90 IF(BC-3CL .LT. 0.001) GO TO 70 
3CN=I3C 
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3C = iJC-CCC-3CL)/2. 0 
GO TO 50 
91 IF(3C;I-GC .LT. 0.001) GO TO 70 
GCL=BC 
^C = BC+(°,Ci,-r,C)/2.0 
GO TO 50 
92 WRITE(6,700) 
700 FORMAT(' MAX ITERATIONS ZXCEEnED1) 
STOP 
70 ANGBC=8C*57.2958 
t/RITE(5,800)ANGBC 
800 FORMATC TrIE CRITICAL CLEARING ANGLE I S ' „ F 6 .1 y 
I   r DEGREES ) 
C 
C 
CALCULATE   CRITICAL   CLEARING   TIME   AID   STABILITY 
C        MARGIN   INDEX 
TCOLD=T2 
N = 5 
RK10=(CY-PI)*R2-PY*COS(32+AY) 
71 DB=(BC-S2)/FLOAT(N) 
VINT=0.0 
VB = R2 
VOLD=l.Q/((PI-CY)*VB+PY*COS(V3+AY)+RK9+RK10)**0 .5 
DO   72    1=1,'! 
VB=VB+D3 
VNW=1.0/( (PI-CY)*VC + PY*COS(Vr> + ^Y) + PK9 + P.K10)**0.5 
V I NT=VINT + 0 B*(VNW + VOL 0)/2 . 0 
VOLD=VNW 
72 CONTINUE 
TC = T2 + VI NT*(REALM/2.0)**0.5 
T0L=A3S(TC-TC0LD) 
IF(TOL   .LT.    0.001)   GO   TO   7k 
IF   (N   .GT.    1700)   GO   TO   92 
TCOLD=TC 
N = 2*N 
GO   TO   71 
C 
7k   CYTC=TC*60.0 
WRITE(6/900)CYTC/TC 
9 00   FORMATC    THE   CRITICAL   CLEARING   TIME    IS    ',F5.1, 
1'    CYCLES,   OR   '^6.3,'   SECONDS.1) 
SM=(TC-TE)*100.0/TE 
WRITE(6/950)SM 
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95 0 FORMATC 
1F10.1,' 
RETL'P.-I 
c 
c 
THE STABILITY :'\°.i. I 
PERCENT' ) 
2 95 8 
SUtSROUT I NE 
RAl=Al/57. 
RA2=A2/57.2D58 
RA3=A3/57.2958 
FIT(Al,PI,A2,P2,A3,P3 , FT.,\K,CK ) 
.(F2-i 
GT 
3) 
0. 1) TO   8 0 
80 
ZERO = Ai3o' 
IF(ZERO 
AK=0.0 
PK=0.0 
CK=P3 
GO   TO   90 
L)U.".1=   S liH(RAl + RA2)/2 
1   ( ( PI -P2 ) / ( P2 -P3 ) ) *f> I ,; ( ( RA2 -RA3 ) / 2 
lSI,N((RAl-RA2)/2.0) 
A K=ATAN (( COS ( ( RA1+ RA2 ) / 2 . 0 ) -C05 (( RA2 + n. \ 3 ) / 2 . 0 ) * 
1((PI-P2)/(P2-P3))*(SIN((RA2-RA3)/2.0)/SIN(( RA1- 
lRA2)/2.0) ))/OIJMl) 
0)-3IN((RA2+ ^.A3)/2 
.0)/ 
0) 
PK=(P2-P3)/(2 
1RA3 + 2 .0*AK)/2 
C*3IN((RA2-RA3)/2.0)*COS( (rv\2 + 
0)) 
CK = P1-PK*5I.W(RA1 + AK) 
9 0   ANGAK=AK*57.2958 
,,'RI TE (6,2000) PK,ANGA:C,C!< 
2000   FORf'ATC'   THE   CURVE   COEFFICIE 
1F10.1,5X,F6.1,5X,F10.1) 
RETURN 
END 
;TS u 
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